A novel Niobium-doped SnO2 nanofibres with a complex loose-tube (fiber-in tube) morphology containing a solid fibre within a hollow shell has been prepared by conventional, single-needle electrospinning. The formation mechanism of such 1D architectures has been elucidated, showing the role of the niobium dopant in driving the morphology of electrospun tin oxide from dense fibres towards the loose-tube morphology by enhancing the Kirkendall effect where precursor salts diffuse to the fibre surface during calcination. The role of other parameters such as the heating rate and precursor concentration has also been studied, which would enable morphological control of the nanofibres through variation of these parameters which would alter the dominant mechanism of hollow fibre formation. The materials obtained have been characterized by electron microscopy, thermo-gravimetric analysis, Raman spectroscopy, XPS, and XRD. The loose-tube morphology materials have been further functionalised by depositing Pt nanoparticles prepared by a microwave assisted polyol method, where electrical conductivity and specific surface area measurements as well as accelerated corrosion tests and electrochemical measurements show that Nb doped SnO2 loose-tubes are promising electrocatalyst supports for proton exchange membrane fuel cells.
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INTRODUCTION
Tin oxide-based materials have received considerable attention in the field of energy storage and conversion as electrode materials for a wide range of applications, from lithium ion batteries 1, 2 , dye-sensitized solar cells 3,4 to sensors 5 and optoelectronics 6 . Recently, SnO2 has also been used as alternative material to conventional supports for electrocatalysts in Proton Exchange Membrane Fuel Cells (PEMFC) 7, 8 in an approach attracting increasing interest to remediate the corrosion of conventional carbon support materials. This corrosion leads to consumption of carbon, with a concomitant significant reduction of electrode porosity 9 , as well as de-anchoring of catalyst particles, their aggregation or loss. Conducting oxides 10, 11 including SnO2 12, 13 are amongst candidate supports to replace carbon.
In particular, one-dimensional (1D) nanostructured SnO2 such as nanofibers and nanotubes are of particular importance with their potentially unique electronic and structural properties 14 .
However, facile preparation of high-order nanostructured materials is not a trivial exercise. Several synthetic routes such as hydrothermal 15 , microwave-assisted 16 , templating 17, and gas-phase methods 18 have been proposed, but they often require strict synthetic conditions or complicated procedures. An attractive alternative route is via electrospinning, which has emerged as a versatile and efficient method to fabricate organic and inorganic 1D materials 19, 20 . SnO2 hollow fibers or nanotubes are generally achieved by using multi-step processes and/or multiple-needles: for instance, coaxial electrospinning, where phase separation between liquid phases is the main driver behind core/sheath and the derived hollow structures 21 , and electrospinning of sacrificial template fibers followed by deposition of materials at the surface 22 . Recently, the preparation of SnO2 hollow structures by single-needle electrospinning has been reported, but under rather specific conditions, and without variation or control of the morphologies 23, 24, 25 .
Here we describe the fabrication and formation mechanism of complex hollow 1D "fiber-intube" structures, by the development of a one-pot, conventional, single-needle electrospinning method. The variation in morphology from dense fibers to "loose-tubes" (to borrow terminology from fiber optic cables, where a fiber is located non-concentrically within a loose external sheath) can be controlled through doping and post-synthesis thermal treatment of the electrospun materials.
To the best of our knowledge, neither preparation of loose-tube architectures nor studies regarding the effect of dopants on SnO2 fiber morphology has been previously reported. Doping with niobium, antimony and tantalum has been demonstrated to be a simple and effective way to induce high n-type conductivity of tin oxide 26 . In particular, the enhanced charge transfer in Nb doped SnO2 materials has shown a marked effect on electrocatalytic 13 , gas sensing 27 and optoelectronic 28 properties. Furthermore, the niobium is known to play a fundamental role in directing SnO2 morphology, by inhibiting particle growth and producing materials with high surface area 29 . In the present work, it was found that the addition of niobium did not merely increase the electronic conductivity of SnO2, but it also produced a very significant effect on the fiber morphology: the influence on the particle growth affected the nanostructure of that material, giving rise to a unique "loose-tube" architecture. Furthermore, the electronic conductivity and specific surface area of these materials, as well as their low propensity to electrochemical corrosion and the high electrochemically active surface area of Pt nanoparticle functionalized materials, provide promising properties for application of Pt/Nb-SnO2 loose-tube fibers in PEMFC electrodes. 5
EXPERIMENTAL SECTION
Electrospinning of SnO2 based materials 0.27 to 1.50 mg of tin(II) chloride (98 %, Sigma-Aldrich) was dissolved in 5.7 mL of absolute ethanol (puriss., Sigma-Aldrich) and stirred until it was completely dissolved. For niobium doped materials, niobium(V) chloride (98 % min., Merck) (0.5 to 10 %at doping) was added to this solution. A second solution was prepared by dissolving 0.8 g of polyvinylpyrrolidone (average Mw ~ 1,300,000, Aldrich) in 3.1 mL of N,Ndimethylformamide (98 % min., Fluka). The two solutions were then mixed, and stirred for 30 min to obtain a homogeneous solution. The final solution was electrospun using the following settings: 15 kV applied voltage, 10 cm needle-collector distance and a flow rate of 0.4 mL h -1 . The electrospun fibers were removed from the aluminum collector and calcined at 600 °C for 4 h in air with a heating rate from 1 to 10 °C min -1 .
Characterization of SnO2 based materials
The nanofiber morphology was analyzed by SEM using a Hitachi S-4800 scanning electron microscope and a FEI Quanta FEG 200, by TEM using a JEOL 1200 EXII transmission electron microscope operating at 120 kV equipped with a CCD camera SIS Olympus Quemesa (11 million pixels) and by using a HRTEM JEM -2200FS JEOL equipped with energy-dispersive spectroscopy analysis (EDS). The samples were suspended in ethanol and sonicated before deposition onto carbon coated copper grids (Agar) for TEM analyses. For cross-sectional TEM, samples were prepared by embedding them in an epoxy resin followed by drying at 80 °C for 24 h. Microtomed sections of ca 80-100 nm thickness, prepared using a Reichert ultramicrotome, were deposited on copper grids. Powder X-ray diffraction (XRD) patterns were recorded at room temperature in Bragg-Brentano configuration using a PANAlytical X'pert diffractometer, equipped with a hybrid monochromator, operating with CuKα radiation (λ = 1.541 Å), and using a scan rate of 0.001 ° per 6 second within the 2θ domain from 20 to 70 °. The experimental powder patterns were analyzed using the Rietveld procedure provided in the Jana 2006 program 30 . Refined unit cell and atomic parameters for the doped and undoped materials did not differ within the standard deviation limits.
Raman spectra were recorded on a LabRAM Aramis IR 2 Horiba JobinYvon spectrometer equipped with a He/Ne laser (λ = 633 nm, 17 mW on sample) and an objective ×50 long wide distance.
Nitrogen adsorption/desorption isotherms were determined at 77 K by means of a Micromeritics These inks were then deposited onto the RDE surface with a micropipette to give a final Pt loading of 116 g·cm -2 (geometric area). Before each measurements, the electrolyte was purged with N2 for 15 min, and each electrode was cycled multiple times in N2 purged 0.1 M HClO4, sweeping in the potential range of 0.05 to 1.2 V vs RHE at a scan rate of 50 mVs -1 to clean the Pt surface. ECSA was calculated by integrating the charge associated with H adsorption/desorption on the Pt surface, assuming a hydrogen desorption charge of 210 µC cm -2 for the electroactive Pt surface 35 (after subtracting the baseline current of the double layer region due to the capacitive current of the charging/discharging of the electrical double layer). ECSA was calculated using the relation:
ECSA (cm 2 g -1 ) = Q (µC)/Q (µC cm -2 ) mPt (g) And the average value then calculated from both the hydrogen adsorption and desorption peaks.
The highest ECSA value was calculated for cycle 12 and thus this was taken as the value quoted in this study.
RESULTS AND DISCUSSION
Previous investigations of SnO2 hollow fibers prepared by conventional electrospinning 23 attributed their formation to the combination of the Kirkendall effect 36 (diffusion of SnCl2 to the fiber surface due to a concentration gradient) with gas release during the decomposition of the 9 carrier polymer (polyvinylpyrrolidone, PVP) driving the SnO2 nanoparticles to the surface 25 . The gas release was considered the dominant mechanism as tube formation was dependent on heating rate and PVP content. Below a certain threshold (PVP:SnCl2.2H2O weight ratio of 1.33) only dense fibers were formed 23, 37 . In contrast, in the study the loose-tube morphology was observed for 5%atNb SnO2 regardless of SnCl2 concentration (Figures 1a and 2) (3-15 %w/v SnCl2, PVP:SnCl2 weight ratio of 0.6-3) and heating rates (1-10 °C/min, see Figure 3 ). Even at very low SnCl2 concentration (3 %w/v, PVP:SnCl2 weight ratio of 3), we observed broken, hollow structures reminiscent of hollow fibers without sufficient structural integrity to maintain a fibrillar morphology. As the SnCl2 concentration was increased, the tube diameter increased (from 300 nm to 2 µm) as well as the composing grain size (from 30 to 45 nm), with the particles of the inner fiber observed to be smaller than those in the tube shell.
Notably, in the absence of niobium and under the same conditions, solid fibers were obtained, and a loose-tube structure is then observed only above a certain threshold of the particle size and fiber diameter (Figure 1b ). For a given PVP concentration (9 %w/v) when the inorganic precursor concentration reached 15% w/v (PVP:SnCl2 weight ratio of 0.3), the size of the particles forming external tubes exceeded 30 nm and the fiber-in-tube morphology became dominant. Below this threshold, only dense fibers were obtained regardless of heating rate.
Varying the Nb doping level in SnO2 electrospun materials at a fixed SnCl2 concentration (8.5 %w/v) confirmed this effect (Figure 4) . When the amount of niobium was increased, tubular morphology was favored, even when the constituent particle size was below 30 nm, the threshold for tube formation in undoped SnO2. This indicates that the formation mechanism in the presence of Nb is not dependent on particle size or gas expansion (PVP content or heating rate) as for undoped SnO2, but rather related to the diffusion of tin species within the fibers during oxide formation.
To provide additional evidence to support this hypothesis, cross-sections of fibers prepared with and without niobium were treated at 300 °C (when the fibers still contain the carrier polymer, PVP, as shown by the thermogravimetric analysis of Figure 5a ) and were observed in TEM. A dispersion of SnO2 particles within the polymer fibers was observed in both types of materials ( Figure 5b and c) . In undoped SnO2/PVP fibers, the particles were homogeneous in size (2-4 nm) and dispersed evenly within the fiber, corroborating a mechanism whereby tube formation is predominantly influenced by the degradation of PVP during calcination, the released gases pushing the SnO2 particles towards the exterior and forming the tube.
In contrast, Nb-doped SnO2/PVP fibers clearly comprise an agglomeration of larger particles on the surface of the fiber and smaller particles (1-2 nm) clustered towards the inside, with a clear distinction in terms of particle size and quantity between the periphery and the center of the fibers. As it is known that the addition of niobium decreases the size of SnO2 crystallites 27, and thus remain as solid fibers. The results of thermogravimetric analysis and microscopic analysis also show that SnO2 is formed at temperatures well below 500 °C, which may be assisted by the presence of organic decomposition products from the PVP carrier polymer. A previous study has shown that tin oxide can be formed in the temperature range of 200-400 °C 38 , well below the final decomposition temperature of PVP, but above its glass transition temperature.
Closer observation by high resolution EDS indicates that the Nb content is unevenly
distributed between the inner fibers and the outer tubes. For a nominally 5 %at doped sample, the average niobium content is 2.5 ± 0.6 %at for the inner fibers, while for the external tubes it is only 0.6 ± 0.4 %at. This result strongly supports our hypothesis regarding the difference in grain size for the two 1D structures relative to the proposed mechanism of their formation: the inner, solid fibers are composed of small particles with higher content of the growth-inhibiting niobium, while the outer, hollow fibers consist of particles of greater size and lower Nb content.
The influence of ramp rate during thermal treatment and of the niobium content on fiber vs. tube morphology was also investigated. If, for undoped SnO2, fast heating rates are required to facilitate hollow fiber formation 23 , for the Nb dopant-driven, Kirkendall effect-dominated mechanism, the tubular morphology is obtained regardless of heating rate. Interestingly, in Nbdoped materials, slow heating resulted in more compact tubes with a larger inner fiber, whereas high heating rate resulted in the addition of the effect of gas expansion to the Kirkendall effect, creating loose-tube fibers of larger diameters with smaller inner fibers (Figure 3) . With regard to the effect of Nb content, solid fibers were formed at very low Nb doping level (0.5 %at), but at higher dopant concentration firstly an exterior shell, and finally at 5%atNb the loose-tube morphology was obtained. Increasing the doping level further to 10 %at Nb did not remove the inner fiber to give a true hollow fiber morphology, however it did increase the homogeneity and cylindrical shaping of the fibers. The doping level does not affect the size of the particles forming the sheath, but rather the size of the particles forming the inner fibers, which decreases with increasing doping level up to 5 %at Nb ( Figure 6 ). This results in a greater size difference between external and inner particle size at high doping level, driving the formation of the fiber-in-tube morphology.
The change in morphology from solid to loose-tube fibers impacts the specific surface area.
Nitrogen adsorption-desorption measurements confirmed the increased porosity and specific surface area as the morphology evolves: for example, for samples prepared with 9 %w/v SnCl2 the surface area of Nb-doped SnO2 hollow structures is 50 m 2 g -1 , notably higher than that (20 m 2 g -1 )
of undoped SnO2 solid fibers. Furthermore, there was a significant increase of a factor 20 in the electrical conductivity upon Nb-doping (from 1.1 10 -3 to 2.10 10 -2 S cm -1 at RT for 5 %at Nb) which supports our previous 13 observation. The conductivity values for the various doping levels are given in Table 1 . The highest conductivity was obtained for the sample doped with 5 %at Nb, with a decrease in conductivity upon further doping which indicates an optimum doping level at around this value. Such phenomenon has been previously observed in semiconducting oxides, and is attributed to defect interactions and changes in the electronic structure 13, 41 .
No significant crystallographic variation was observed between undoped and Nb-doped
X-ray photoelectron spectroscopy was used to analyze the surface composition, and high resolution spectra for Sn are shown in Figure 8a . For both Nb-doped and undoped samples, the respective peak positions of Sn 3d5/2 at 486.6 eV and 486.8 eV can be attributed to the highest oxidation state, Sn 4+ . Nevertheless, it is agreed that the peak position is not sufficient to distinguish Sn 4+ from Sn 2+ species 42 indicating surfaces comprising non-stoichiometric SnOx (x < 2) 44, 45 . It may be concluded that the material surface comprises oxygen deficient SnO2, and Sn 2+ in addition to Sn 4+ . The Nb 3d5/2 peak at 207.5 eV (See S.I.) is in agreement with a +5 oxidation state, as would be expected in a mixed niobium/tin oxide, and consistent with the above observations by XRD and with the conductivity values that increase on niobium doping 46 .
Finally, and in the perspective of the possible utilization of electrospun Nb-doped SnO2 as fuel cell electrocatalyst supports, their resistance to oxidative corrosion was evaluated by an accelerated stress test 47 and compared to a conventional carbon support (Vulcan XC-72).
Electrochemical degradation was estimated in terms of loss or modification of the support from the integrated corrosion current, Figure 9 . The carbon material shows a much larger corrosion current 48 , reflecting its corrosion behavior i.e. the oxidation of carbon to CO2 49 , than that recorded on SnO2 electrospun materials. The integrated charges for 5 %at Nb-SnO2 and Vulcan XC-72 were respectively 0.9 and 3.9 C mg -1 . The tin oxide based material shows smaller corrosion charge and then higher electrochemical stability to high potential than carbon black.
The most conductive sample (5 %at Nb doped SnO2) was used as a support for Pt nanoparticles prepared by a microwave-assisted polyol method. High resolution TEM micrographs of a microtomed section are shown in Fig. 10 . The Pt particles (average diameter 2.5 nm) are very well dispersed both on the outer surface and on the inner surface of the tubes (indicated by black arrows in Fig. 10 a) . This shows that the internal pore space of the loose tube fibers is accessible to the nanocatalyst, which potentially increases the Pt loading possible on this type of support, while the good dispersion and small particle size favor high Pt electroactive area and are expected to enhance the triple phase boundary in PEMFC applications 50 The electrochemical properties of the Pt/Nb-SnO2 supported electrocatalyst were investigated by cyclic voltammetry measurements in 0.1 M HClO4 at a scan rate of 50 mVs -1 . As depicted in Fig. 11 , the bare Nb-SnO2 support did not show any electrochemical activity, but when Pt is present (at 13 % loading) typical hydrogen adsorption/desorption peaks (< 0.3 V vs RHE) and
Pt oxide formation (> 0.8 V) and reduction (0.6-1 V) were observed. The electrochemical surface area (ECSA) calculated from the H adsorption/desorption peaks was 53 m 2 g -1 . As shown in Figure   12 , electrochemical cycling of the Pt/Nb-SnO2 shows good electrochemical stability with a retention of 80 % of the ECSA after 1000 cycles (from 53 m 2 g -1 before to 42 m 2 g -1 after cycling) compared to 47 % for commercial carbon support (E-TEK) 11 . This also compares favorably to literature values on Nb-doped SnO2 of differing morphologies such as nanoparticles evaluated under similar conditions which showed a value of around 70 % retention of ECSA 51 , as well as studies on alternative supports such as Nb-doped TiO2 particles or fibers 52, 53 . Further studies of such oxide based PEMFC electrodes with different Pt loadings are in progress in order to assess their electrocatalytic activity and electrochemical stability towards oxygen reduction and provide further insight into their potential for use in PEM fuel cells.
CONCLUSION
A novel complex loose-tube morphology has been obtained for (Nb)-SnO2 by conventional, singleneedle electrospinning. The mechanism of formation has been elucidated allowing the precise control of the morphology and dimensions through heating rate, dopant and precursor concentrations. The presence of niobium significantly drives the morphology of electrospun SnO2, which, in combination with the use of electrospinning as a routine deposition technique, leads to new types of tailored architectures with properties of surface area, adsorption characteristics for Pt, electronic conductivity and electrochemical stability to high potential that are hold great promise for PEMFC application. 
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